The ability of matter to be superposed at two different locations while being intrinsically connected by a quantum phase is among the most counterintuitive predictions of quantum physics. While such superpositions have been created for a variety of systems [1, 2] , the in-situ observation of the phase coherence has remained out of reach. Using a heralding measurement on a spin-oscillator entangled state, we project a mechanical trapped-ion oscillator into a superposition of two spatially separated states, a situation analogous to Schrödinger's cat [3] . Quantum interference is clearly observed by extracting the occupations of the energy levels. For larger states, we encounter problems in measuring the energy distribution, which we overcome by performing the analogous measurement in a squeezed Fock basis with each basis element stretched along the separation axis. Using 8 dB of squeezing we observe quantum interference for cat states with phase space separations of ∆α = 15.6, corresponding to wavepackets with a root-mean-square extent of 7.8 nm separated by over 240 nm. We also introduce a method for reconstructing the Wigner phase-space quasi-probability distribution using both squeezed and non-squeezed Fock bases. We apply this to a range of negative parity cats, observing the expected interference fringes and negative values at the center of phase space. Alongside the fundamental nature of these large state superpositions, our reconstruction methods facilitate access to the large Hilbert spaces required to work with mesoscopic quantum superpositions, and may be realized in a wide range of experimental platforms [4] [5] [6] .
The rules of quantum mechanics give rise to the prediction that systems can exist in a superposition of two macroscopically distinct quantum states, connected by a fixed relationship known as the quantum phase. This is illustrated by the Schrödinger's "cat" thought experiment, in which a cat is envisioned as being simultaneously dead and alive, a situation which has no counterpart in our classically familiar world. The key distinction which separates the quantum superposition from a classical mixture is the phase relationship between the two distinct parts of the superposition. An approximation to such a situation is provided by superposed "classical" coherent states of oscillators which are macroscopically distinct at large amplitudes. Such "cat" states have been realized in the oscillations of trapped atomic ions [1, [7] [8] [9] [10] , and for the electromagnetic field [11, 12] . While for the latter the direct phase relationship between the two states has been observed, for massive particles (such as trapped ions and matter-wave interferometers [2] ) in which spatial superpositions have been created no in-situ measurement has been performed. Quantum coherence has instead been verified by bringing the two separated wavepackets together so that they spatially overlap, and observing the resulting revival of coherence [7, 10] . For large cat sizes, both the mean and the uncertainty in energy of the superposed wavepackets is increased. As viewed from the energy eigenbasis, the states occupy an increasingly large Hilbert space, and thus become progressively harder to characterize. This provides an additional challenge to experiments which seek to probe cat states in the mesoscopic regime. * Electronic address: jhome@phys.ethz.ch
In this Letter, we use an in-sequence spin measurement on a spin-motion entangled state to project out and herald a superposition of two coherent mechanical oscillator states of opposite phase. We perform measurements which directly observe the interference of the two spatially separated wavepackets through the effect on the occupation of the energy eigenstates. For α > 5 the standard analysis method, which is based on an energy eigenstate decomposition, has poor signal to noise. We overcome this limitation by performing an analogous eigenstate decomposition in a squeezed Fock basis in which the mean quantum number of the cat is reduced substantially. Using a Fock basis with 8 dB of squeezing, we are able to observe quantum interference for phasespace separations of ∆α = 15.6, which correspond to a direct measurement of interference between wavepackets separated by 240 nm with a root-mean-square extent of 7.8 nm. Adding an extra term to the probe Hamiltonian, we displace the analysis basis, providing a method for reconstructing the Wigner function of the oscillator state. We demonstrate a full reconstruction using the non-squeezed basis for a cat with α = 2.1, and take additional slices through the phase space for cats with α = 4.25 and 5.9, making use of a squeezed analysis basis with 7 dB of squeezing for the larger state.
The oscillator cat states are experimentally generated starting from an ion prepared in the internal state |↓ and the oscillator ground state (more details of experimental methods can be found in [13] ). We then apply an internal-state dependent force using a Hamiltonian Ωσ x (â † +â)/2, whereσ x = |+ +| − |− −| with |± ≡ (|↓ ± |↑ )/ √ 2, and Ω is a constant. In our experiments this is well approximated by simultaneously driving the red and blue motional sidebands of the internal state transition |↓ ↔ |↑ [7] (corrections due to arXiv:1512.01838v1 [quant-ph] 6 Dec 2015 higher order terms in the laser-ion interaction are relatively small -see [13] for more information). After applying this Hamiltonian for a duration t, ideally the state of the ion can be written as a spin-motion entangled state
where α = −iΩt/2 relates the amplitude of oscillation z to the r.m.s. extent of the ground state wavefunction z 0 via z = 2αz 0 . This is the standard Schrödinger's cat state which has been produced in earlier work with trapped ions [1, [7] [8] [9] , in which the superposed motional wavepackets are separated in phase space by ∆α = 2α but are entangled with the ion's internal state. |ψ ent can be written in the |↑ , |↓ basis as
where
A measurement of the internal state therefore projects the motional state into a superposition of two out-of-phase oscillations, with the quantum phase relating the two depending on the measurement result. Detection of the internal state involves applying a resonant laser which scatters many photons for the |↓ state, but none for the |↑ state [14] . The former results in photon recoil which destroys the motional state, thus we make an in-sequence decision to only proceed with the analysis of the motional state when the internal state is found to be |↑ . The state |ψ + (|ψ − ) contains only even (odd) energy eigenfunctions, due to the quantum interference between the two coherent states |±α . The state populations p(|n ) are extracted by observing the spin projection as a function of the duration t p of a probe HamiltonianĤ r = ( Ω r /2) â †σ − + h.c. . Experimentally this Hamiltonian is realized by driving the red sideband transition |↑, n ↔ |↓, n + 1 . The probability of observing spin |↓ after the pulse follows
where p(|φ n ) is the probability that the motion started in the Fock state |φ n prior to the probe pulse. When using the red-sideband probe these Fock states correspond to the energy eigenstates |φ n = |n and the Rabi frequencies Ω n,n+1 = Ω r M n scale with n according to the motional matrix elements M n = n + 1| e iη(â † +â) |n . For small values of the dimensionless Lamb-Dicke parameter η these scale as √ n + 1 [15] . γ(t) accounts for decay in the coherence of the whole system during the probe pulse. In fitting data we use a phenomenological exponential decay γ(t) = e −Γt (more details regarding the fits can be found in [13] ). Data obtained using this method is shown for three states with |α| 3 in figure 1 , alongside the motional populations obtained from fits of equation 3 to the data. In the first, we do not perform a post-selected measurement, but rather probe the motional state populations after repumping to |↓ , resulting
Experimental data from measurements of P (↓, tp) usingĤr (left). These are fitted using equation 3 to obtain the motional energy eigenstate populations shown on the right. The data and populations include cases where the creation of state |ψent is followed by an analysis which is performed after i) repumping the spin to |↓ , ii) detection of the ion in the state |↑ , producing the state |ψ− and iii) detection of the ion in the state |↑ after applying a spin flip using the carrier transition, which produces |ψ+ . The vertical dashed lines indicate the revival times tr and tr,mix. The reconstructed population distributions show clearly the effect of the postselected measurement for the latter two cases. The blue points correspond to the ideal cases for α = 3. Spin populations are the result of 250 repeats of the full experimental sequence, which corresponds to roughly 125 analysis detections for the post-selected cases. Error bars are estimated from quantum projection noise. The population errors are given as s.e.m..
in the density matrixρ m = (|α α|+|−α −α|)/2 which has a Poisson population distribution of energy eigenstates (this leaves the ion in |↓ , and thus in contrast to all other measurements in this paper we probe using the blue sideband |↓, n ↔ |↑, n + 1 , resulting in a spin probability P (↓, t p ) = 1−P (↓, t p )). The time evolution of the spin populations shows the well-known collapse and revival, with the latter occuring when Rabi oscillations for neighboring values of n come into phase [3] . This occurs around t r,mix 4π/(Ω r ( n + 1 − n ), corresponding to t r,mix = 386 µs for the settings Ω r /(2π) = 31 kHz andn = |α| 2 = 8.76 used in our experiment. The results for the mixed state should be compared with cases in which the states are analyzed conditional on the results of a spin measurement of the internal state. The first corresponds to analyzing the motional state only when the spin is measured to be |↑ , which ideally produces |ψ − . For the second, we perform a coherent spin inversion prior to the conditional measurement, which ideally projects the motion into |ψ + . For both |ψ + and |ψ − the revival at t p = t r,mix is accompanied by an additional revival in the spin population oscillations at around 198 µs which results from re-phasing of the contributions from Fock states differing in n by 2. This corresponds to the condition t r = 4π/(Ω r ( n + 2− n ) which for n 2 gives t r 4π n /Ω r t r,mix /2. We see in the populations extracted from the fit that the odd and even cat states contain predominantly odd or even number states. We use these populations to extract the parity P ≡ n (−1) n p(|n ) of the number state distributions, obtaining 0.029 ± 0.024 for the mixture, −0.88 ± 0.04 for |ψ − and 0.83 ± 0.05 for |ψ + .
In the methods used above, the visibility of the revival of oscillations in the spin population at time t r is the key element for diagnosing the parity of the cat. Since the mean Rabi rate scales as n + 1, the revival time corresponds to approximately n Rabi oscillations on the motional sideband. In order to observe a significant revival amplitude, this time must be short compared to relevant decoherence times for the cat state, and the stability of the Rabi oscillations must be high enough that n oscillations are visible for all relevant Fock states. The coherence time of trapped-ion oscillator cats due to motional heating and motional dephasing scales roughly as 1/|∆α| 2 [16] and we observe that our spin-motion Rabi oscillations decay with a time-constant which is proportional to the Rabi frequency (see discussion in [13] ). The combination of these two effects means that we are unable to observe a useful interference feature for a cat with ∆α 10. To overcome this problem, we introduce an analysis method based on a squeezed Fock state basis |φ ns = |n s ≡Ŝ(ξ) |n where the squeezing operator is defined asŜ(ξ) ≡ e (ξ * â2 −ξâ †2 )/2 with ξ ≡ re iφs [17] . The basic idea is illustrated in figure 2 . We choose the squeezing axis perpendicular to the axis separating the two wavepackets of the cat, which corresponds to selecting the phase φ s = 2 arg α + π. The effect of the antisqueezing results in a mean occupation in the squeezed basis of n s = |α| 2 e −2r + sinh 2 (r), exponentially suppressing the contribution from the displacement at the cost of an additional contribution which can be kept small with an appropriate choice of r. The minimum value of n s for a given α is reached for r min = ln(4|α| 2 + 1)/4. Since the squeezing operator preserves parity, the even (odd) cats consist of only even (odd) number state populations in both bases. The squeezed reconstruction also has the advantage that it is directly sensitive to the phase of the cat, which the standard analysis is not.
To measure our states in the squeezed basis, we substitute the HamiltonianĤ s ≡ ( Ω s /2) (â + tanh(r)e iφsâ † )σ − + h.c. forĤ r (for calibration of the phases, see [13] ). The time evolution of the spin populations follows equation 3 with the relevant number states becoming those of the squeezed basis. In the Lamb-Dicke regime the scaling of the Rabi frequencies is again √ n s + 1, though in fitting the data we use values for the matrix elements which include higher order terms. Data for cat states with |α| = 6.6, 7.15 and 7.8 are shown in figure 3 . The optimal choice of r for minimizing n s was not used, Wigner function of the cat state is overlayed by lines which indicate the maximal quasi-probability of the three closest Fock states to the mean value of the cat state in the relevant basis. This is approximately given by β = (n + 1/2) 1/2 (cos(θ)e r + i sin(θ)e −r ) [18] . The use of the squeezed basis reduces both the mean value and the variance, simplifying extraction of the motional populations from the spin oscillation data.
because we observe that for larger r the Rabi oscillations of the squeezed Hamiltonian dephase, which impedes the signal. In addition, we do not gain the full speed-up in the revival time because in our setup Ω s < Ω r . Nevertheless, for our largest cat the number of Rabi oscillations at which the revival occurs is reduced from 60 to 11, which is essential for observing the interference. By fitting equation 3 with freely floated number state populations, we obtain the results shown in figure 3 , from which we extract parities of P = −0.55 ± 0.03, −0.48 ± 0.03 and −0.30 ± 0.03 for |α| = 6.6, |α| = 7.15 and |α| = 7.8 respectively. Also shown in figure 3 are the populations obtained from a fit to the experimental P (↓, t p ) using a model of the motional populations which is derived from a weighted sum of the even and odd catŝ ρ mix = ξ mix |ψ − ψ − | + (1 − ξ mix ) |ψ + ψ + |. The close match between the theory and experiment indicate that the primary decoherence mechanism mixes the two cat states, which is compatible with heating of the ion due to fluctuations in the electric field at frequencies close to the ion's oscillation frequency [16, 19] .
The Wigner function is a phase space quasi-probability distribution which plays an important role in visualizing and characterizing oscillator states [18] . It can be related to the expectation value of the parity operator for the populations of displaced number states with displacement β as W (β) = 2/π P (β) with P (β) = n (−1) n p(D(β) |n ) andD(β) ≡ e βâ † −β * â the displacement operator [12, 20] . This relationship has previously been used to experimentally reconstruct Fock, coherent and thermal states of a trapped ion oscillator using a method that involves displacing the state by −β followed by extraction of the populations in the energy eigenstate basis [20] . Rather than taking this approach, we obtain the populations of the oscillator states directly in the displaced basis, by adding a displacement term H d (β) = Ω/2(β * σ + + βσ − ) to the Hamiltonian used to probe the state [17] . We do this for bothĤ r andĤ s
FIG. 3:
Experimental data for the spin evolution P (↓, tp) obtained while probing in the squeezed basis withĤs (shown on left). These are fitted using equation 3 to obtain the squeezed Fock state populations (shown on right). The parameters for the cat size and the squeezing amplitude are given, along with the parity value obtained from the extracted populations. The blue points in the Fock state population plots are the populations obtained from a fit using a weighted mixture of |ψ+ and |ψ− . Experimental data points are an average of 750 repeats of the full experimental sequence (1000 for iii)), which corresponds to roughly 375 (500) analysis detections for the post-selected cases. Error bars are estimated from quantum projection noise. Errors on population and parity estimates are given as the s.e.m..
by adding a laser component resonant with the carrier transition |↑ ↔ |↓ , with Ω chosen to equal Ω r and Ω s for each case. Under the action of the modified Hamiltonian, the spin population dynamics follow equation 3, but with the relevant probabilities being those of the displaced number states |φ n =D(β) |n or the displaced squeezed number statesŜ(ξ)D(β) |n [13, 17] . In the Lamb-Dicke regime the matrix elements scale as √ n + 1, though we take account of deviations from this form in fitting experimental results.
The reconstructed Wigner function for an odd cat state with α 2.1 is shown in figure 4 , based on number state population extraction using equation 3 on a grid of 17 × 21 values of β. This shows clearly the expected features, including the two separated peaks corresponding to the coherent state wavepackets as well as the interference fringes close to β = 0. Results are also shown for cuts along the imaginary axis of phase space for a cat with α 4.25 extracted using measurements in both the energy eigenstate basis and in a squeezed basis with r = 0.5. We fit the functional form f (x) = 2/πAe −2x 2 cos(4αx) with x = Im(β) [3] , and extract α = 4.21 ± 0.02 and A = 0.90 ± 0.02 for the un- 6 performed using a displaced and squeezed basis with r = 0.8. In b-d), the fits are a theoretical form which can be derived from the Wigner function of a well-separated cat state (for further details, see [13] ). Errors bars are given as the s.e.m.. The Im(β) axis is extracted from periodic calibration scans, and we observe drifts in the scaling at the 10% level over a day. Thus there is some uncertainty in the values of Im(β) due to drifts between calibrations.
squeezed basis and α = 4.25 ± 0.02 and A = 1.00 ± 0.03 for the squeezed basis. The data acquisition time per point is considerably longer for the non-squeezed basis, because extracting the multiple closely spaced high frequency components in the spin oscillations requires a higher sampling frequency and longer probe times. Also shown is similar data for a cat with α 5.9 which was taken using a displaced-squeezed probe Hamiltonian with r = 0.8. In this case the fitted curve gives α = 5.86±0.02 and A = 0.57 ± 0.01. In all cases the interference fringes which result from the phase relationship of the quantum superposition are clearly visible.
The ability to project the ion into a superposition of different locations and to directly measure the interference of these states allows probing of the cat coherence free from entanglement with the microscopic spin, which is advantageous for probing the limits of quantum coherence in these systems. In the largest cat observed above, the wavepackets are separated by more than the diffraction limit of λ/2 = 199 nm of the fluorescence light from the ion. This could allow the two different locations to be resolved with an optical microscope. The use of a squeezed basis in tomographic reconstructions may provide advantages for reconstructing a range of quantum states with large phase space amplitudes. In the work above, it allows the reduction of a state with a mean occupancy of around 60 quanta to one which has a mean of 11. While the main advantage could be expected for states which are extended in one phase space axis, we also anticipate their use for states which contain populations along a larger number of specific directions, with complementary sets of measurements performed along each of these. These methods should be applicable in a range of systems in which similar spin-oscillator couplings are available, including other mechanical oscillators which might be used to probe gravitational or non-linear collapse theories in quantum physics [21, 22] .
While writing this paper we became aware of parallel work in which a direct parity measurement is used to measure cat states produced in a similar manner using a single motional mode of a two-ion crystal [23] .
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Methods
The experiments make use of a single trapped calcium ion in a micro-fabricated ion trap. The first step of each experimental run involves laser cooling all modes of motion of the ion close to a mean vibrational quantum number of 1 using a combination of Doppler and Electromagnetically-Induced-Transparency cooling using light at 397, 866 nm [24] . The oscillator for the state engineering is chosen to be the axial mode of motion, in which the ion oscillates with a frequency close to ω z /(2π) = 2.08 MHz, which is well resolved from all other modes. This oscillator is cooled further using sideband cooling to ensure a high ground state occupancy. All coherent manipulations make use of the narrow-linewidth transition at 729 nm, isolating a two-state pseudo-spin system which we identify as |↓ ≡ |L = 0, J = 1/2, M J = +1/2 and |↑ ≡ |L = 2, J = 5/2, M J = 3/2 . This transition is resolved by 200 MHz from all other internal state transitions in the applied magnetic field of 11.9 mT. The beam enters the trap at 45 degrees to the z axis of the trap, resulting in a Lamb-Dicke parameter of η 0.047 for the axial mode. Optical pumping to |↓ is implemented using a combination of linearly polarized light fields at 854 nm, 397 nm and 866 nm. We read out the internal state of the ion by state-dependent fluorescence observed while applying the laser fields at 397 nm and 866 nm. Motional heating rates from the ground state for an ion in this trap have been measured to be 10 ± 1 quanta s −1 , and the coherence time for the Fock state superposition (|0 + |1 )/ √ 2 has been measured to be 32 ± 3 ms. Spin coherence times have been measured using a Ramsey separated pulse experiment to be 930 ± 20 µs.
Heralding Detection
The detection used to decide whether the analysis should be performed or not involves application of lasers at 397 nm and 866 nm, which results in photon scattering from the ion if it is in the ground state |↓ , and no scattering for the state |↑ . We detect a small fraction of the photons scattered from the ion, and make a decision based on a pre-set threshold for the detected photon number to decide whether the ion is in |↑ or |↓ . We try to keep the detection time short so as to avoid decoherence of the cat. Thus a typical detection time is 75 µs. This means that the detection error is around 0.8% for an ion which is measured to be in |↓ , and 0.002% for an ion which is measured to be in |↑ . We think that this error is of similar size to other sources of error in our production of the cat state.
Lamb-Dicke approximation
The Hamiltonians described in the paper are all given in the Lamb-Dicke approximation which is appropriate in the limit that η 2 (2n + 1) 1, where η = kz 0 cos(θ), with θ the angle between the oscillation direction and the laser beam and k the wavevector of the light. The largest states that we produce in the work in the paper correspond to α = 7.8, or n 60, and thus we find that the approximation is reasonable, but does not exactly describe our experiments. For this reason we use the full expression for the matrix elements M n,n+1 = n + 1| e iη(â † +â) |n in fits to sideband data throughout the data analysis. The overall scaling of these is absorbed into the fit Rabi frequency. For the displaced basis we analytically derived expressions which confirm that the same M n,n+1 are appropriate, and thus we use the same scalings as for the energy eigenstate basis in the displaced basis. For the squeezed basis, we haven't been able to derive analytical expressions for the Hamiltonian we apply in the lab, but we have confirmed numerically that the scaling of the Rabi frequencies with n s are very close to the values estimated from M ns,ns+1 , and the latter have been used in most of the analysis. For the very largest states we use the numerically generated matrix elements for r = 0.9 to fit the data, though the correction to the values from M n,n+1 is small.
Decay model and observed decoherence.
In fitting the data using equation 3, we are forced to make some assumption about the form of decay. This is important because the fitted values of both the decay parameter and the populations which contribute to the parity, are directly related to the amplitude of the revival in the spin oscillations at time t r . This correlation means that the parity can be overestimated for data where only the revival at t p = t r is included. Therefore it is critical to probe for times which include the revival at t r,mix , which acts to constrain γ(t). In all fits used in this paper we have used γ(t) = e −Γtp . An exponential form of decay is often the result of decoherence mechanisms with a short correlation time, which would be appropriate for motional heating [19] . We use this because it produces the most consistent results between set experimental values and values obtained from fit models throughout our data.
We have also fitted many datasets using Gaussian decay forms γ(t) = e −Γt 2 p , which is motivated by our observations on Rabi oscillations performed with an ion cooled to the ground state and driven on either the carrier or the motional sideband. We think that this is because these are dominated by shot-to-shot intensity noise. This is consistent with our observation that as we build up data (we typically take many rounds in which only 50 experimental sequences are run per point) the averaged oscillations get smaller as the acquisition time increases, indicating that slow drifts in the Rabi frequency are dominating. Intensity fluctuations would also produce a scaling of the decay parameter with the Rabi frequency, indicating a better choice of dependence for this model of noise is γ(t) = e −Γ(n+1)t 2 p . That this form does not work so well for cat states probably indicates that decoherence of the cat during the probe pulse is playing a significant role, which we would expect since the expected decoherence times for our heating rate are of similar order to the probe times in the experiment. We performed Monte-Carlo wavefunction simulations with our measured ground state heating rate and motional decoherence which are consistent with this interpretation.
For all fits used in the Wigner function tomography the decay parameters were extracted using fits performed in the ground state basis (i.e. β = 0) which includes both the first and second revival. We then fix this value in fits to other values of the displacement, which allows us to use shorter probe times for the displaced bases.
Calibration of displaced and squeezed measurement settings.
The critical element of the two measurement techniques which we introduce is that they are sensitive to the phase of the quantum state, unlike the energy eigenstate measurement. This requires calibration of the relative phase between the multiple laser fields which are used to generate the HamiltoniansĤ d (β),Ĥ s andĤ r . In our experiments, the reference for the phase is the cat state itself, therefore we work with a fixed cat size, and use the predicted behaviour to calibrate the different analysis pulse components.
ForĤ d (β), we fix the strength of the carrier term, which sets |β|, and then scan the phase. The magnitude |β| is independently measured by preparing a ground state ion and performing a fit using equation 3 to the Rabi oscillations as a function of time. In this basis the Rabi oscillations are equivalent to applying the blue sideband to an ion prepared in a coherent state and |↓ .
For the squeezed basis HamiltonianĤ s , we scan the relative phase of the red and blue sidebands for a cat of fixed size, and look for a reduction in the Rabi frequency which indicates the basis for which the anti-squeezing is aligned with the cat. The size of the squeezing is calibrated by two methods. First we applyĤ s to a groundstate cooled ion, resulting in Rabi oscillations which follow 3 with the p(|φ n ) following the distribution expected for a squeezed state with size given by the Hamiltonian used.
To calibrate the carrier term ofĤ s (β) =Ĥ s +Ĥ d (β), we apply this Hamiltonian to a ground-state cooled ion, and observe the change in the dynamics as a function of the carrier phase and amplitude. This references the phase of β to the squeezing axis, which is pre-calibrated to the cat phase.
